Introduction
Rubella virus, a non-arthropod-borne togavirus, is the aetiological agent of German measles, which is usually a mild self-limiting disease. However, infection during the first trimester of pregnancy usually results in fetal infection and the characteristic malformations of the congenital rubella syndrome (CRS) (Best & Banatvala, 1994) . The introduction of rubella vaccination programmes in developed countries has significantly reduced the incidence of rubella and CRS, although outbreaks occur amongst unvaccinated individuals. Rare cases of CRS result from rubella reinfection in pregnant women with a history of either natural infection or vaccination (Best et al., 1989) . Complications of natural infection and vaccination including arthritis and arthralgia are also of current medical significance (Best & Banatvala, 1994) .
The rubella virion is composed of three structural proteins, C (capsid), E1 and E2 (envelope glycoproteins) (Oker-Blom et at., 1983) , and contains a single-stranded, positive polarity RNA genome of 9759 nucleotides (Dominguez et al., 1990; Frey, 1994) . Antibody responses are produced against all three structural proteins, although E1 is reported to be immunodominant (Cusi et al., 1989) . Several epitopes have been identified on the E1 glycoprotein; Terry et al. (1988) mapped three neutralizing and haemagglutinating epitopes to residues 245-285 ; Mitchell et a] . (1992) identified a putative neutralization domain within residues and Chaye el al. (I992) defined three haemagglutinating or neutralizing epitopes within residues 214-240. Rubella antibody positive human sera react with synthetic peptides comprising residues 213-239 and 258-277 of the EI protein (Mitchell et al., 1993) , and recombinant glutathione S-transferase fusion proteins containing E1 residues 212-286 (Starkey et al., 1995) , suggesting that this region of E1 represents a major antigenic domain.
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M33 (Clarke el al., 1987; Nakhasi et al., 1986) , HPV77 (Zheng et al., 1989) and RA27/3 strains of rubella virus have been determined. Strain-specific nucleotide sequences in the E1 coding region of the RA27/3 strain have been identified (Frey & Abernathy, 1993) , and sequence variation analysed within the region encoding E1 residues 207-304 of five rubella virus isolates (Londesborough et al., 1995) . However, the rarity of clinical isolates of rubella virus has impeded the study of genomic variation in rubella viruses isolated from different geographical locations and disease manifestations.
In this report, we have determined the nucleotide sequence of a region of the rubella virus genome which encodes the antigenic determinants identified on the E1 glycoprotein by Terry et al. (1988) , Mitchell et al. (1992) and Chaye et al. (1992) from a panel of 22 rubella viruses from USA, Europe and Asia isolated between 1963-1995. The panel included viruses from geographical regions not previously studied, two viruses from cases of rubella reinfection in pregnancy and one isolated from synovial fluid. Three viruses were amplified directly from clinical material; one from a chorionic villus sample, one from amniotic fluid and one from a lens aspirate. Phylogenetic analysis was performed to study the relationship between the E1-195-296 coding sequences of these viruses and corresponding sequences of other rubella viruses on the databank.
Methods
• Virus isolates. The 22 rubella viruses studied are described in Table  I . FEL was isolated from a confirmed case of rubella reinfection in pregnancy which satisfied the strict criteria for classification as a reinfection defined by Best et al. (1989) . INS was isolated from a probable reinfection and was donated by G. Enders, Institut Rir med. Virologie und [nfektionsepidemio[ogie, Stuttgart, Germany. VEN was isolated from synovial fluid from a patient suffering from common variable immunodeficiency and acute arthritis due to Mycoplasma hominis. SUM (lens aspirate), TRT (amniotic fluid) and THI (chorionic villus sample) were amplified and sequenced directly from clinical material without passage in cell culture. Attempts to isolate TRT and THI in cell culture were unsuccessful. Rubella virus isolates were passaged at different times to avoid cross-contamination.
• Generation of PCR products for sequencing. Production of !524 biotinylated PCR products for solid phase sequencing was performed using a modification of the method of Frey & Abemathy (1993) . RNA was extracted from clinical samples or cell culture supernatants using RNAzol-B (Biotex Laboratories) according to the manufacturer's instructions. Reverse transcription (RT) was performed in 20 IA volumes containing 100 U of reverse transcriptase (Superscript RNase H-RT; Life Technologies), 1 U Inhibit-ACE (RNase inhibitor; 5 prime 3 prime, Boulder, Col., USA), I mM each dNTP, 3 mM-MgC12, 75 mM-KC1, 50 mMTris-HC1 (pH 8"3) and 5,1 of the heat denatured RNA sample containing 0'8 p.g oligo(dT)ls. The reaction mixture was incubated in a thermal cycler (Omnigene) at 37 °C for 5 min, 42 °C for 60 rain, 99 °C for 7 rain and 37 °C for 2 min. For PCR amplification, 4,1 of the RT mix was added to 96 I~l of PCR reaction mix to give final concentrations of I mM-MgC12, 200 ~M each dNTP, 50 mM-KC1, I0 mM-Tris-HC1 (pH 9"0), 0-1% Triton X-100, 10% DMSO, 5 mM-fl-mercaptoethanoL 0'77 I~M of sense and antisense oligonucleotides (Table 2) and 2"5 U Taq polymerase (Promega). The reaction mix was incubated in a thermal cycler as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 2 min, then 72 °C for 7 rain. All rubella viruses were amplified using oligonucleotides T64B-R14C and Tb4-R9CB except for TRT. A semi-nested PCR was performed with some isolates as indicated in Table I using oligonudeotides T64B-R6Eco and T64-RgCB. TRT was amplified using oligonucleotides R2-R14C and then a nested PCR was performed with oligonucleotides RllB-RbEco and R11-R9CB. The reagents and conditions for the nested and semi-nested PCRs were the same as those used above except that the cycle number was reduced from 40 to 25 and the final volume of the PCR mix was 99,1 to which 1 ~[I of the first round PCR product was added. Five I~l of the amplified DNA product was analysed by electrophoresis on 2 % agarose gels. Precautions taken to prevent contamination of PCR reactions were as previously described (Bosma e~ al., 1995) . For use in sequencing studies, singlestranded DNA was prepared from the biotin-labelled PCR products using streptavidin-coated paramagnetic beads (Dynal) according to the manufacturer's instructions.
• DNA sequencing. Dideoxy sequencing was performed using T7
polymerase, fluorescein-labelled sequencing oligonucleotides (Table 2) , and the autoread sequencing kit (Pharmacia). The protocol incorporated 7-deaza GTP instead of GTP to minimize compressions and gel artefacts associated with GC-rich templates. Sequencing products were analysed on an automated DNA sequencer (A.L.F., Pharmacia) using 6% acrylamide gels (Readymix, Pharmacia) run at 42 °C. Sequencing was performed in both orientations using template derived from independent PCR runs. The sequencing oligonucleotides used for each strain of rubella virus are listed in Table 1 . A consensus sequence was generated from overlapping sequence data using the DNA analysis program DNASIS, and compared to the Therien strain sequence (Dominguez et al., 1990) from which the nucleotide sequence numbering is also taken.
• Phylogenetic analysis. An unroofed phylogenetic tree based on the principle of maximum parsimony was produced using the DNAPARS program in the PHYLIP package (Felsenstein, 1989 (Felsenstein, , 1993 . The original data were processed using the general bootstrap program SEQBOOT (Felsenstein, 1993) to produce 100 bootstrap replicates. For each bootstrap determination, the input order of the sequences was jumbled I5 times. The program CONSENSE was then used to obtain a majority rule concensus tree which was plotted using TreeView (R. Page, personal communication). Cendehill was arbitrarily chosen as the outgroup.
Results
The 309 bp nucleotide sequence of the region encoding amino acid residues 195-296 of the E1 glycoprotein from 22 rubella viruses collected between I963-1995 from USA, rubella viruses studied; however, none of these, including the changes occurring in the rubella viruses isolated from cases of reinfection in pregnancy (FEL and INS), resulted in an alteration in the deduced amino acid sequence of E1-195-296 relative to the Therien strain. Nucleotide sequence variation relative to the Therien strain sequence ranged from 0"65 % to 7"14 %. The greatest sequence variation occurred in the Indian viruses BAS (7"14 %) and SUM (7"12 %), and the least sequence variation occurred in Giguere and Cendehill (0"65 %). The interstrain difference in nucleotide sequence ranged from 0"0% to 8"77%, and the interstrain difference in deduced amino acid sequence ranged from 0"0 % to 1"96%.
Discussion
We have determined the nucleotide sequence of the region of the rubella virus genome which encodes amino acid residues 195-296 of the E1 glycoprotein from 22 rubella viruses obtained between 1963-1995 from USA, Europe and Asia. E1-195-296 contains previously characterized neutralizing and haemagglutinating determinants (Terry et at., 1988; Mitchell et aI., 1992; Chaye eta[., 1992) , and represents a major antigenic domain. Although a total of 195 nucleotide substitutions relative to the Therien strain occurred in the 22 rubella viruses studied, the majority of these (I89; 96"9%) did not result in a change in the deduced amino acid sequence of E1-195-296. Sixteen of the 22 rubella viruses studied exhibited identical E I-195-296 amino acid sequences, including viruses isolated over a time interval of 31 years (e.g. Giguere-1964 and DAV-1995) , and from different continents (e.g. RB1-Japan and BSH-UK). These results are in agreement with our previous studies in which no antigenic differences were detected in neutralization, haemagglutination-inhibition, ELISA and indirect immunofluorescence assays among rubella viruses isolated between 1964-1987 (Best et a]., 1992) .
The interstrain nucleotide sequence divergence of the 22 viruses ranged from 0"0% to 8"77%, which is similar to that exhibited by measles virus nucleocapsid (Taylor et al., i991) and influenza C haemagglutinin (Buonagurio et aL, 1985) , but lower than reported values for respiratory syncytial virus G protein (Garcia el a] ., 1994) and human immunodeficiency virus envelope protein (Wong-Staal, 1990 ). The level of sequence divergence relative to the Therien strain exhibited in the two Indian viruses BAS and SUM (7"14% and 7"12%) is more than twofold greater than that previously reported for the structural protein coding region of rubella virus strains RA27/3, M33 and HPV-77 (2"4, 3"5 and 3"3 %) (Frey, 1994 ). In BAS, this level of sequence divergence is maintained throughout the entire E1 glycoprotein coding region (data not shown). Rubella virus SUM was amplified and sequenced directly from a lens sample obtained from a 3-month-old infant in south India following cataract removal (patient #24, Bosma et al., 1995) . This is the first sequence data of rubella virus from lens material. Initially, we did not know if the high degree of sequence variation was due to tissue tropism or to geographical differences as SUM was one of the first Indian rubella viruses sequenced, and no _~52~ other body tissues were available from this patient for PCR amplification of viral nucleic acid. The sequence data obtained from a second rubella isolate of Indian origin (BAS) showed a high degree of sequence similarity to SUM, as demonstrated by phylogenetic analysis. This suggests that the substantial sequence variation exhibited by these two Indian viruses relative to all other rubella viruses sequenced is due to geographical differences.
In this report, neither of the two rubella viruses (FEL and INS) isolated from cases of rubella reinfection in pregnancy exhibited nucleotide changes which resulted in an alteration in the deduced amino acid sequence of E1-195-296 as compared to the Therien sequence. Furthermore, the deduced amino acid sequences of the antigenic regions within E1-195-296 identified by Terry et aI. (1988) , Chaye et al. (1992) and Mitchell et a] . (1992) were identical in 21 of the 22 isolates studied; the only rubella virus which exhibited an amino acid substitution within one of these regions was isolated from an immunodeficient subject. These findings suggest that antigenic change within the region of E1 studied is not responsible for rubella reinfection. However, it is possible that nucleotide substitution affecting antigenic determinants located in other regions of El, within the E2 or C or non-structural proteins may play a role in rubella reinfection.
Rubella virus VEN, isolated from the synovial fluid of a patient with common variable immune deficiency, exhibited a nucleotide substitution at position 8889; E1-213, which resulted in a change in deduced amino acid sequence (asparagine ~ histidine) within the putative neutralization domain identified by Mitchell et al. (1992) . This finding is of interest because natural rubella infection and rubella vaccination are associated with transient arthritis and arthralgia (Best & Banatvala, 1994) , and cases of chronic arthritis following rubella virus infection have been reported (Chantler et al., 1985) . Rubella virus has also been isolated from the synovial fluid of a child with rubella-associated arthritis (Hildebrandt & Maassab, 1966) . It cannot be determined whether the nucleotide substitution identified in VEN reflects a different tissue tropism, lack of immune selection pressure in the immunodeficient patient from which this virus sequence was derived, or a chance mutation. However, sequence analysis of further rubella virus strains isolated from patients with rubella-associated arthritis may provide information on viral factors associated with arthropathy.
Rubella virus THI was PCR amplified from a chorionic villus sample received for prenatal diagnosis (patient #21, Bosma et aI., 1995) . It is of interest that the nucleotide sequence obtained from this virus had nucleotide changes reported to be specific for RA27/3 (Frey & Abernathy, 1993) . We have been unable to determine whether this patient had been recently vaccinated. Sequence data generated from the PCR product derived from the chorionic villus sample of another Swiss patient (data not shown; patient #22, Bosma et aI., 1995) did not have these RA27/3-specific nucleotide changes.
Although 19 of the viruses studied in this report were passaged in cell culture prior to PCR amplification and sequencing, it is unlikely that the sequence data obtained were biased by nucleotide changes accumulating on passage. Nucleotide sequences of rubella virus strains Therien and HPV77 are highly conserved during passage (Frey & Abemathy, 1993) . Furthermore, no difference in nucleotide sequence was observed when the region comprising nucleotides 8275-9680 of the E1 glycoprotein from three viruses included in this report (DAV, BOW and SIN) was amplified and sequenced either directly from the clinical sample, or after two passages in Vero cells (data not shown).
The 22 nucleotide sequences were used to generate an unroofed phylogenetic tree using the DNAPARS program in the PHYLIP 3.5 software package (Felsenstein, 1989 (Felsenstein, , 1993 . The corresponding E1 nucleotide sequences of 13 other rubella viruses were included in the phylogenetic analysis. Phylogenetic trees based on distance matrix analysis (FITCH; Felsenstein, I993), and the DNA Maximum Likelihood program (DNAML; Felsenstein, 1993) produced the same clustering of sequences (not shown). The clustering pattern (Fig. 2) was generally in close agreement with that previously reported (Frey & Abernathy, 1993, T.K. Frey, personal communication) , although four viruses which previously clustered together (MAC, HAS, F1 and TOMI) clustered independently in the present report. The clustering pattern indicates that different genetic lineages of rubella virus cocirculate within a country, that lineages are globally distributed, and that some lineages have circulated since the 1960s, prior to the introduction of rubella vaccination programmes. Cocirculation of virus lineages is exhibited by other RNA viruses including respiratory syncytial virus (Garcia et aI., 1994) , influenza B virus (Yamashita et al., 1988) , influenza C virus (Buonagurio et al., 1986) , hepatitis A virus (Robertson et al., 1992) and reovirus (Kedl et aI., 1995) . The two rubella viruses (BAS and SUM) which exhibited the greatest sequence divergence relative to the Therien strain sequence clustered within a lineage which has circulated since the 1960s. Genetic distance is not directly represented by branch length in phylogenetic trees produced using the DNAPARS program, and consequently the sequence divergence exhibited by BAS and SUM is not evident in Fig. 2 . Rubella virus INS, isolated from a case of reinfection in pregnancy in 1995 clustered with six other isolates which circulated between 1991-1994, whereas FEL, isolated from a reinfection in 1988 clustered with TOMI, which was isolated in 1986. This indicates that FEL and INS do not belong to a single lineage, and suggests that these viruses may have arisen from strains potentially circulating in the 1980s and 1990s respectively. The rubella virus (VEN) isolated from synovial fluid from a patient with common variable immunodeficiency and arthritis clustered in the same branch as an isolate (ML) recovered from a patient with longterm sequelae following naturally acquired rubella including chronic arthritis and immunodeficiency (Frey & Abemathy, '.52~ % COL~I~O DAV~I~3 Fig. 2 . Unrooted phyogenetic tree showing relationships between 35 rubella virus sequences: 22 from this study and 13 from the databank. The tree was generated using DNAPARS (DNA Parsimony Program) in the PHYLIP package (Felsenstein, 1993) . Cendehill was chosen arbitrarily as the outgrou p, and I O0 bootstrap operations were done. GenBank accession numbers: THERIEN, M15240; M33, X05259; HPV77, M30776; JUD, L19420; THOM, L19421 ; HOW, L16231 ; HAS, L16232; FI, L16236; ML, L16230; GIL, L16233. TOMI, FANUS and COL were obtained from T. K. Frey (personal communication). 1993). Interestingly, both VEN and ML exhibit amino acid substitutions within defined epitopes contained within E1-195-296. The HPV77 vaccine strain, which has been associated with cases of chronic arthritis (Chantler et aI., 1982) , also clustered on the same branch as VEN and ML.
In conclusion, nucleotide sequence analysis of a major antigenic domain of the rubella E1 glycoprotein indicates that this region is highly conserved at the amino acid level, and is unchanged relative to the Therien sequence, in viruses isolated from cases of reinfection in pregnancy. An amino acid substitution occurred in a neutralizing domain within the region of E1 studied in a virus isolated from an immunodeficient patient suffering from arthritis. Although significant antigenic variation was not observed in the rubella viruses studied, we have identified genomic variation which was more than twofold greater than previously reported levels. Further monitoring would facilitate the characterization of genomic variation in rubella virus that may occur in the future.
